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Summary 
Stress corrosion cracking (SCC) is particularly important for aerospace vehicles, since it occurs, 
or can occur, in all major alloy systems used in their construction. The consequences of stress 
corrosion failures may be serious, even leading to loss of an aircraft. This chapter surveys the 
types of structures and materials used in aerospace vehicles and the environments encountered 
by them. Special mention is made of space vehicles and platforms, which pose unique problems 
with respect to avoiding stress corrosion cracking. Selected case histories from a wide variety of 
aircraft are included to illustrate the problems caused by SCC in service, and guidelines are 
given for preventing and alleviating these problems. 
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1 Introduction 
The requirement for speed, strength and higher performance drove the development of air 
vehicles from the wood and canvas structures of the early 20th century to the all-metal structures 
of post-World War II. Metallic aircraft components possessed more consistent properties than 
wood, and could be fabricated with a higher degree of reliability. The use of metals also 
eliminated the problems of moisture stability and fungus attack found with wooden structures. 
However, many alloys deemed suitable for aircraft use were subsequently discovered to suffer 
their own forms of environmental degradation, including corrosion, hydrogen embrittlement and 
stress corrosion cracking (SCC).  SCC has since become a well-recognised phenomenon in all 
major alloy systems used in the aerospace industry. 
 
SCC service failures of aircraft components peaked in the late 1960s, in no small part due to the 
widespread use of the aluminium alloys 2024-T3, 7075-T6 and 7079-T6, all of which are highly 
susceptible to SCC in the short transverse direction. Improvements in alloy chemistry and 
processing (for aluminium alloy components) and control of strength and corrosion protection 
schemes (for high strength alloy steel components) have helped to reduce the number of service 
failures in modern aerospace vehicles. Service failures of titanium and magnesium alloy 
components are rare. The former require a pre-existing notch or crack to initiate SCC, while the 
latter usually suffer from general corrosion before SCC can become established. Stainless steel 
components, however, remain an unexpected source of service failure to many aircraft designers 
and operators, and have the potential to result in loss of aircraft. 
 
Some statistics are available on the frequency of failure modes, including SCC, in aircraft and 
general engineering, see Table 1. This table shows that there are significant differences in 
failure frequencies, but also similarities, notably for SCC failures. 
 
Table 1   Failure mode frequencies [1, 2] 
Percentage of failures 
Aircraft structures Engineering 
industry Failure mechanisms 
       [1]        [2]                [2] 
Corrosion 
Fatigue 
Brittle fracture 
Overload 
High temperature corrosion 
SCC/corrosion fatigue/hydrogen embrittlement 
Creep 
Wear/abrasion/erosion 
       16 
       55 
 - 
       14 
         2 
         7 
 - 
         6 
         3 
       61 
- 
       18 
         2 
         8 
         1 
         7 
               29 
               25 
               16 
               11 
                 7 
                 6 
                 3 
                 3 
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The most significant differences are that (a) fatigue failures are much more frequent in aircraft 
structures and components than in general engineering, and (b) failures due to corrosion occur 
more often in general engineering. Fatigue is also the main contributor to serious aircraft 
accidents and incidents [3, 4]. This predominance of fatigue reflects the dynamic nature of 
aircraft service loads and the relatively high design stress levels required to achieve lightweight 
structures. 
 
On the other hand, Table 1 also shows that SCC failures have generally low and fairly constant 
frequencies of occurrence, 6 – 8%. Hence it might be thought that SCC in aircraft and space 
platforms is a minor problem, even though it can occur in many alloys. For aircraft this 
impression is likely to be upheld by forensic engineering archives. As an example, the NLR has 
investigated hundreds of service failures over a 40-year period. Only thirty-three of these 
failures were attributable to SCC, and only one definitely resulted in loss of an aircraft [5]. 
 
Despite these facts and the impressions they can make, SCC in aircraft is a serious actual and 
potential problem. It has occurred and still occurs, despite the preferred use of more modern 
alloys and heat treatments that reduce the susceptibility to SCC. And when SCC occurs, it 
causes much downtime owing to repairs, component replacements, and extra maintenance, 
which can include regular (and time-consuming) inspections of suspect components. All of 
these factors incur considerable costs as well as affecting the operational readiness. 
 
For space platforms there is a difference in emphasis. Since their structures and components 
generally offer no possibilities for repairs, replacements or inspections, there are stringent 
design requirements intended to effectively rule out SCC. The stringency of these design 
requirements can cause problems in selecting suitable structural materials, and there is a 
protocol for this, see point (4) in subsection 3.3.  
 
 
2 Structures, materials and environments 
Aerospace structures may be placed in three general categories: primary structures, fluid 
systems and mechanical systems, see Table 2, although some might argue that landing gears are 
primary structures. A number of the fluid system sub-categories are more or less exclusive to 
manned spacecraft and orbital platforms, as are pyrotechnic devices (exploding bolts for 
decoupling and interstage separations).  
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Table 2   General categories of aerospace structures: after Korb [6] 
Category Types of structures 
Primary structures 
Airframes   
Space platform shell structures and satellite frames* 
Fasteners 
Additional structural applications 
Fluid systems 
Hydraulic systems 
Main propulsion systems 
Auxiliary power units  
Plumbing lines and pressure vessels* 
Environmental control and life support systems* 
Electrical power systems (fuel cells)* 
Reaction control systems* 
Orbital manoeuvring systems* 
Mechanical systems 
Landing gear 
Mechanical devices 
Pyrotechnic devices* 
 
* Exclusive or more or less exclusive to space vehicles and platforms 
 
2.1 Primary structures 
Because weight is so critical for aerospace vehicles, the choice of materials for primary 
structures is generally based on high specific strength (strength/density) and high specific 
modulus (E/density). The corrosion and SCC resistances of metallic materials are important 
secondary considerations, and the design approach in these respects is to use (a) corrosion 
protection measures, e.g. anodising, cladding, and primer and paint systems, (b) SCC-resistant 
alloys if possible and feasible, and (c) some engineering design changes to improve the 
distribution of sustained stresses, including assembly stresses. 
 
2.1.1 Airframes and space platforms  
Metallic airframes are constructed primarily of AA2000 and AA7000 series aluminium alloys. 
Most are used in heat-treatment tempers resistant to SCC, namely the T8XX (AA2000 series) 
and T7XX (AA7000 series) tempers. An important exception is the industry standard airframe 
alloy 2024-T3XX, and its more modern variants (AA2X24-T3XX), which have excellent 
fatigue crack growth and fracture properties but only moderate SCC resistance. Space platform 
shell structures and satellite frames use these alloys as well, and also aluminium-lithium (Al-Li) 
alloys owing to their lower densities and higher elastic moduli. These property improvements 
increase payload weights and improve mission performance. A notable example is the Space 
Shuttle's “Super Lightweight External Tank”, which is made of Al-Li 2090 and 2195 alloys that 
replaced conventional AA2000 alloys used in earlier versions of the tank.  
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2.1.2 Fasteners 
Aluminium rivets are commonly used in airframe sheet structures, as are higher-grade fasteners 
made from low alloy steels and titanium alloys. Optimum corrosion protection of riveted 
structures requires wet-installation of the rivets using corrosion-inhibiting sealants, but this is 
not always done, especially for air force aircraft: all naval aircraft are mandated to have wet 
installed fasteners. Low alloy steel fasteners require corrosion protection, which is still 
cadmium plating - despite environmental concerns - except in space applications. Cadmium 
plate is banned from space platforms because it can sublime in vacuo and redeposit on cooler 
nearby surfaces where it is not wanted. It should be noted that a number of alternative coatings 
to cadmium are being developed, e.g. tin-zinc and zinc-nickel plating, but so far they have not 
demonstrated equivalent durability, especially for high strength alloy steels [7]. 
 
2.1.3 Additional structural applications 
These include a variety of special structural joints and can require the use of many different 
materials, including low alloy and stainless steels, titanium alloys, nickel-base superalloys, and 
beryllium and niobium alloys in space vehicles. 
 
Strength restrictions may be placed on the low alloy and stainless steels, in order to avoid or 
reduce the risks of SCC and also hydrogen embrittlement. These strength restrictions are 
mandatory for space vehicles [6, 8]. 
 
2.1.4 Environmental considerations 
The potential and actual environments that may be encountered by primary structures include 
the following that are of most significance for the risk of SCC: 
(1) Air of varying humidity, containing environmental pollutants at ground and near-ground 
levels, and also sea salt aerosols. 
(2) Potable and waste water from spillages and leaks in manned vehicles and platforms. 
(3) Water condensate, contaminated by mineral salts. 
 
As mentioned in subsection 2.1.1, most airframe aluminium alloys are used in heat-treatment 
tempers resistant to SCC. However, since all the commercial alloys are susceptible to pitting 
corrosion, they are often coated with protective oxide films produced by anodising or chemical 
conversion treatments. This protection is augmented by inhibitor-containing paint primers and 
topcoats; and sometimes also by sacrificial aluminium cladding layers that are bonded to sheet 
and plate products by conjoint rolling operations, vapour phase deposition or electrodeposition. 
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2.2 Fluid systems 
Fluid systems are particularly varied and important for space vehicles, which require many 
"exotic" fluids for the main and auxiliary propulsion systems, and also the environmental 
control and life support systems in manned vehicles and platforms. The general approach in 
designing these systems is to select alloys compatible with the fluids without protective coatings 
[6]. Aircraft also require fluid systems, notably for fuel, hydraulic and plumbing lines, and these 
also rely on the basic compatibility of the alloys and fluids. However, fuel tanks are sealed to 
prevent leaks, and fuel cells have epoxy coatings owing to the generally aggressive fluids held 
within them. 
 
There are two main types of fluid system components: (a) tubing for fuel, hydraulic and 
plumbing lines, and (b) pressure vessels. These require other components such as pumps, 
valves, couplings and nozzles. 
 
2.2.1 Tubing 
Stainless steels are used for many applications, including fuel, hydraulic and plumbing lines. 
These steels generally belong to the "standard" austenitic AISI 300 series, which are essentially 
Cr-Ni and Cr-Ni-Mo steels to which small amounts of other elements have been added. An 
important exception is 21-6-9, which is a Cr-Ni-Mn alloy that is generally stronger than the 300 
series at ambient and elevated temperatures. This alloy has been much used in the Space Shuttle 
[6], also because it is less susceptible to embrittlement by gaseous hydrogen [9]. 
 
Other alloys used for tubing are the nickel-base superalloy Inconel 718 (oxygen lines) and the 
titanium alloy Ti-3Al-2.5V. Both are used in the Space Shuttle [6], and Ti-3Al-2.5V is widely 
used in aircraft air-conditioning and de-icing systems. 
 
2.2.2 Pressure vessels 
In this context, pressure vessels are used mostly, but not exclusively, in space vehicles and 
platforms. In aircraft they can also be used for high and low pressure oxygen delivery systems, 
auxiliary power units (APUs) and in hydraulic accumulators. Several classes of high strength 
alloys are employed. The Space Shuttle has pressure vessels made from aluminium alloys, 
Inconel 718, and titanium alloy Ti-6Al-4V [6]. The choice of materials is dictated mainly by the 
fluids to be contained, see subsection 2.2.3. The fluids can be liquid and gaseous hydrogen and 
oxygen, various types of water, fuels (hydrazine, N2H4; nitrogen tetroxide, N2O4; and mixed 
oxides of nitrogen, MON), liquefied inert gases (helium, nitrogen, freons), and hydraulic oils. 
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2.2.3 Environmental considerations 
Although the alloys in fluid systems are selected for compatibility with the fluids, there are a 
few points worth noting: 
(1) Liquid hydrogen is benign: problems begin at temperatures above 170K (-100°C) [9]. 
Aluminium alloys are the best choice for storing hydrogen, since most are unaffected by 
high pressure hydrogen up to at least room temperature [9, 10]. On the other hand, titanium 
alloys are severely embrittled by hydride formation and exposure of titanium to hydrogen 
is totally avoided [6]. 
(2) Aluminium alloys used for pressure vessels vary in susceptibility to corrosion. Even highly 
resistant alloys like AA6061-T6 may require internal coatings when used to contain waste 
water [6]. 
(3) Extreme care must be taken to contain liquid or gaseous oxygen, owing to the danger of 
ignition. This is why Inconel 718 is used in the Space Shuttle instead of titanium alloys for 
oxygen-containing pressure vessels and fuel and plumbing lines. 
(4) Titanium alloy pressure vessels can be used to store reactive compounds like ammonia, 
hydrazine, and nitrogen tetroxide. However, precautions must be taken with nitrogen 
tetroxide. Firstly, the chemistry must be carefully controlled by the addition of 1.5 – 3 % 
nitric oxide. This combination is called MON, as mentioned in subsection 2.2.2, and does 
not cause SCC. Secondly, threaded titanium alloy fasteners cannot be inserted into titanium 
pressure vessels containing MON, since there is a risk of "impact" ignition and localised 
melting of the fasteners. Only aluminium alloy fasteners are permitted to be threaded into 
MON-containing titanium pressure vessels [6]. 
 
2.3 Mechanical systems 
 
2.3.1 Materials 
As in the case of primary structures, the choice of materials for mechanical systems is usually 
based on high specific strength and modulus. Protective coatings are used where necessary to 
increase the resistance to corrosion and the onset of SCC. 
 
Landing gear cylinders and main axles are commonly made from high-strength low alloy steels, 
but the cylinders are also made from high-strength aluminium alloys. A number of ancillary 
components such as torque links, rod-ends, levers and brackets are also made from these 
materials. An exception is the landing gear for the AV-8 Harrier jump-jet. The main 
components of the Harrier landing gear are made from (very) high strength titanium alloys [11]. 
These are more structurally efficient than other alloys (and also much more expensive), but 
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weight savings on the Harrier are at a premium because of its required capabilities of vertical 
and short take-offs.  
 
Wheels are usually made from aluminium alloys, but magnesium alloys have also been used. 
However, in general the use of magnesium alloys in any type of component for aerospace 
vehicles is discouraged, owing to concerns about corrosion, particularly galvanic corrosion, 
owing to contact with e.g. high strength steel bolts. Notable exceptions are gear boxes, 
especially in helicopters, since they combine lightness, strength, moderate elevated temperature 
capability and good castability for intricately-shaped components. 
Mechanical devices, including gears, are made typically of high-strength low alloy steels. Like 
landing gear they have to fit into confined spaces, and this restriction is best achieved with high 
strength/modulus materials. Wear resistance is the property requirement for gears, and steels are 
used because they can be case-hardened. Other materials suitable for mechanical devices 
include all grades of stainless steels. 
 
Pyrotechnical devices are almost exclusive to space vehicles and platforms. They include 
frangible nuts, explosive bolts and guillotine blades. In the Space Shuttle these devices are 
mostly made from Inconel 718, but guillotine blades have also been made from A286 stainless 
steel and corrosion-protected tool steels [6]. However, explosive devices are also used in 
military aircraft, namely for ejection seat operation and cockpit canopy removal. 
 
2.3.2 Environmental considerations 
All high-strength low alloy steels must be protected against corrosion and the risk of SCC. As 
mentioned in subsection 2.1.3, there may be strength restrictions to reduce the risks of SCC and 
hydrogen embrittlement, but this is usually not the case for aircraft landing gear cylinders and 
axles. Instead reliance is made in the first instance on high-quality cadmium, chromium and 
nickel plating, sometimes in combination with each other. Additional protection is provided by 
paint systems on external surfaces. 
 
Landing gear components made from aluminium alloys are susceptible to pitting corrosion, 
even if nominally immune to SCC, although there are cases of SCC in older aircraft, e.g. [5]. 
The protection against corrosion is similar to that for airframes, i.e. anodising or chemical 
conversion coatings augmented by inhibitor-containing paint primers and topcoats. (Cladding is 
not an option, since these components are made from forgings and extrusions rather than sheet 
and plate, although vapour phase plating has been used to limit exposure to moisture.) 
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3 Material − environment compatibility guidelines 
3.1 A comprehensive approach 
The previous section has broadly classified and discussed the types of aerospace structures, the 
materials used, and the compatibilities - or incompatibilities - between the materials and their 
potential or actual service environments. An important part of this discussion was the provision 
of guidelines for avoiding the problems of corrosion and SCC. These guidelines are summarised 
in Table 3 and complemented by Table 4, which lists the material − environment combinations 
that could result in SCC in aerospace vehicles [12]. 
 
Table 3   Guidelines for prevention of corrosion and SCC in aerospace vehicles 
Types of 
structures 
General 
guidelines Specific guidelines 
 
  Materials Coatings 
Al alloys for primary structures and 
landing gear: 
     - AA2000 series in T8XX tempers 
     - AA7000 series in T7XX tempers 
Cladding, anodising or 
chemical conversion + 
paint systems 
Low alloy steels: UTS < 1400 MPa 
(higher strengths for landing gear) 
Cd + chemical 
conversion, Cr or Ni 
plating, paint systems 
Stainless steels: PH grades ≥ H1000  
temper 
– 
Ti alloys – 
Primary 
structures 
and 
mechanical 
systems 
 Restrict strength 
levels 
 Stress relieve 
 Protective 
coatings where 
necessary for 
corrosion and 
SCC protection 
of Al alloys and 
low alloy steels  
 Minimise 
assembly stresses Mg alloys 
Various anodising and 
chromate treatments 
 
  Materials Potentially 
aggressive 
environments Pressure vessels 
Plumbing lines and 
components 
H2O (aqueous 
solutions), Cl-, H+ 
Al alloys, possibly 
coated; Ti alloys Stainless steels 
NH3 , N2H4 , N2O4 Ti alloys 
AISI 300 series 
stainless steels  
Freons Al alloys 21-6-9 stainless steel 
Fluid 
systems 
 
 Use materials 
compatible with 
fluids without 
protective 
coatings 
 Stress relieve 
 Control fluid 
chemistry Hydraulic fluids 
Cr-plated low alloy 
steels 
Al and Ti alloys; 
stainless steels 
 
Table 4   Material − environment combinations that could result in SCC in aerospace vehicles 
Aerospace structural materials potentially at risk of SCC Environment/aggressive species 
Al alloys, Ti alloys, low alloy steels, stainless steels, 
maraging steels 
H2O (aqueous solutions) 
AA7000 Al alloys, low alloy steels, AISI 400 stainless 
steels, Inconel 718  
N2H4 
Low alloy steels, AISI 400 stainless steels; Ti alloys if N2O4 
chemistry not controlled by addition of NO (mixed oxides of 
nitrogen, MON) 
N2O4  
Ti alloys Organic liquids, including freons  
Mg alloys H2O (aqueous solutions) 
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3.2 Guideline limitations  
The guidelines in Table 3 are comprehensive, but not all of them are adhered to in practice. 
Other requirements and properties, e.g. weight savings and fabricability, may strongly influence 
the material selections. Well-known examples are the use of ultrahigh-strength low alloy steels 
in landing gears, and differing choices of materials for pressure vessels and plumbing lines. 
 
Another guideline that requires qualification is the restriction of material strength levels to avoid 
or reduce the risk of SCC. This guideline is appropriate for aluminium alloys, low alloy steels 
and all types of stainless steels, but not for titanium alloys. For many titanium alloys the 
principal determinants of SCC resistance or susceptibility are alloy processing and the type of 
heat-treatment. So-called β processing and/or β heat-treatment result in increased SCC 
resistance over a wide range of strength levels [13]. 
 
3.3 Material − environment combinations that do result in SCC in aerospace vehicles 
Table 4 is similarly comprehensive, but again this deserves comment. There are four main 
points to discuss: 
(1) Aqueous environments, which may be encountered before and during service, have the 
potential to cause SCC in many aerospace structural alloys. This includes titanium alloys 
provided they contain surface-connected cracks or sharp-notch defects [14]. However, to 
the authors' knowledge there have never been SCC failures in titanium alloy airframe and 
mechanical systems components. Hot salt SCC of titanium alloy engine components 
remains a possibility [15], but there appear to have been no cases, probably because the 
conditions for hot salt SCC to occur are very specific [16]. 
(2) Despite the long list of materials potentially susceptible to SCC when in contact with 
hydrazine and nitrogen tetroxide, it is possible to avoid SCC by the correct choice of 
materials and controlling the fluid chemistry. Titanium alloys can be used for pressure 
vessels and AISI 300 stainless steels for plumbing lines, but - as mentioned in subsection 
2.2.3 - it is essential to add 1.5 – 3 % nitric oxide to nitrogen tetroxide, to prevent titanium 
alloy SCC. 
(3) Certain organic liquids can, or could, cause SCC in titanium alloys, specifically during 
cleaning operations and pre-service pressurization tests. In both cases stringent quality 
control and/or the use of alternative liquids avoids the problems [17]. 
(4) Space agencies (NASA, ESA) have a mandatory classification and screening procedure to 
prevent SCC. Candidate metals and alloys are placed in three categories of SCC resistance, 
each with its own requirements for service use [8]:  
 high resistance alloys are preferred. 
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 moderate resistance alloys may be considered only when a suitable high resistance alloy 
is not available. A Stress Corrosion Evaluation Form must be submitted as a waiver. 
 low resistance alloys may be considered only when it can be demonstrated that the 
probability of SCC is remote, owing to low sustained tensile stress, suitable corrosion 
protection, or an innocuous environment. As for the previous category, a waiver must 
be submitted. 
 
This classification and screening procedure is the result of numerous problems encountered in 
the early 1960s during stringent pre-service testing and verification. For example, some 40 
critical fittings in the Lunar Module were found to be susceptible to SCC, resulting in several 
changes. These included changing 7075-T6 components to 7075-T73, introducing liquid 
shimming at structural joints to minimise clamp-up stresses and provide a perfect fit, shot 
peening surfaces, and coating exposed surfaces with protective paint [18]. 
 
In the light of these points it is perhaps no surprise that actual service cases of SCC in aerospace 
vehicles appear to be confined to aircraft materials in aqueous environments. Furthermore, in 
the authors' experience the majority of these cases concern aluminium alloys, high-strength low 
alloy steels and stainless steels.  
 
 
4 Selected case histories (aircraft) 
4.1 Introduction 
This section presents selected case histories of aircraft SCC drawn from the authors' 
experiences. The selection reflects the variety and importance of the cases for each alloy class 
and - to some extent - their preponderance. This can vary markedly, depending on the type or 
types of aircraft. However, it does appear that most problems have been experienced with 
aluminium alloys and stainless steels, followed by high-strength low alloy steels. This is 
possibly because low alloy steels must be protected by well-established plating and painting 
combinations, while stainless steels are often thought to be immune to corrosion and SCC.  In 
any event, all of the cases concern SCC in aqueous or moisture-containing environments.  
 
There are 33 cases concerning aluminium alloys, 11 cases for stainless steels, 6 cases for high-
strength low alloy steels, and 2 cases for magnesium alloys. As far as possible, the cases are 
treated in groups rather than individually, in order to show commonalities but also to point out 
significant differences. The measures to alleviate or prevent the recurrence of SCC are listed 
and/or briefly discussed for each group or case (excepting the magnesium alloy cases, where 
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straightforward replacement occurred). These measures are placed in the most relevant context 
in section 5 of this chapter. 
 
4.2 Aluminium alloys 
 
4.2.1 Background 
Earlier in this chapter, especially in subsections 2.1.1 and 3.1, we noted the importance of 
aluminium alloys for aerospace vehicles. In the aircraft industry high-strength aluminium alloys 
are commonly used for primary airframe structures (fuselage skins, stringers and frames; wing 
and empennage skins, spars and ribs), mechanical systems (landing gear legs, cylinders, forks 
and struts) and fluid systems (pressure vessels and connectors). 
 
The principal alloy groups are the AlCuMgMn and AlZnMgCu alloys, which have the 
Aluminium Association series designations of AA2000 and AA7000, respectively. These alloys 
are age-hardenable. The 2000 series alloys are used in both the naturally aged (T3XX and T4) 
and artificially aged (T6XX and T8XX) tempers. The 7000 series alloys are used in the 
artificially aged (T6XX and T7XX) tempers. 
 
In the 1960s it became apparent that thick section products of 2000-T3XX/T4 series and 7000-
T6XX series alloys were highly susceptible to SCC in moist air and aqueous environments. This 
led to developments in heat-treatments and alloy chemistry, especially for 7000 series alloys. 
The heat-treatments for optimum SCC resistance are as follows: 
 
2000 series alloys: Solution treatment, quench, cold-work and artificial ageing to a T8XX 
temper. Not all alloys respond to this: the well-known 2014 alloy remains 
susceptible to SCC. 
 
7000 series alloys: Solution treatment, quench, two-stage artificial (over)ageing to a T7XX 
temper. Again, not all alloys respond to this, especially the notoriously  
SCC-susceptible 7079 alloy. 
 
The overageing treatment for 7000 series alloys results in a significant loss in strength, about 
15%, compared to the peak aged T6XX condition. This has led to the development of alloys 
which in T7XX conditions achieve the same strength as older alloys in T6XX conditions [19]. 
 
The aircraft industry now has design guidelines broadly similar to those of the Space Agencies 
NASA and ESA, whereby the use of SCC-susceptible alloys is discouraged. However, many 
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aircraft still in use have components made from the older alloys and in SCC-susceptible 
tempers, and newly manufactured aircraft that are old designs still retain these alloys and SCC-
susceptible tempers. The case histories surveyed and discussed in subsections 4.2.2 − 4.2.4 
illustrate the key features of SCC in these alloys. 
 
4.2.2 Survey of the aluminium alloy case histories 
Table 5 surveys the aluminium alloy SCC case histories selected from the DSTO and NLR 
archives. The majority are from a variety of military aircraft operated by the Royal Netherlands 
Air Force (RNLAF) and the Royal Australian Air Force (RAAF). Most cases concerned landing 
gear and wing components made from 7000 series alloys. In fact, these were effectively just two 
alloys, 7075-T6XX and 7079-T6XX. The same is true of the 2000 series alloys. These were 
either 2024-T3XX/T4 or 2014-T6. 
 
Table 5   Classification of selected aluminium alloy SCC case histories (DSTO and NLR) 
Main parameters Number of cases Remarks 
Aircraft types 
Combat 
Transport 
Maritime patrol 
Light trainer 
14 
11 
  7 
  1 
Most of the aircraft were designed before 
1970, pre-dating the late -1960s/early-1970s  
developments in heat-treatments and alloy 
chemistry to improve SCC resistance 
 
 
Structural areas 
Landing gear 
Wing 
Engine/pylon 
other      
14 
10 
  3 
  6 
 
 
 
Window shield, 3 liquid oxygen fittings, fin 
pivot bearing housing, fuselage frame 
Alloy types AA2000 series AA7000 series 
10 
23 
See the above remarks on heat-treatments 
and alloy chemistry 
SCC causes 
Residual stresses 
Assembly stresses 
On-ground tensile stress 
Cold-stamping 
23-24 
  8 
  1 
  1 
7 cases starting from corrosion pitting 
4 cases owing to bearing or bushing inserts 
Actual 
Repairs 
NDI* only 
  4 
  2 
1 unsuccessful: incomplete removal of SCC 
Some cracking allowed (unusual) 
Remedial 
measures 
Proposed 
Fleet-wide replacements 
Replacements using 
better alloys and/or heat-
treatments 
Improved corrosion 
protection 
27 
 
 
  9 
 
  6 
Only a very few case history reports contain 
information about whether the proposed 
remedial measures were taken. However, 
some are known to have been adopted. 
* NDI = Non-Destructive Inspection 
 
The source of most of the SCC problems was residual tensile stresses introduced during heat-
treatment, sometimes aided by prior corrosion pitting. Assembly stresses also contributed, 
notably the tensile stresses introduced by interference fit bearing or bushing inserts. Two cases 
were unusual, where the tensile stresses came from (a) component loading while the aircraft was 
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on the ground, and (b) cold-stamping a groove onto a bearing housing to keep the bearing in 
place. 
 
The remedial measures obviously included replacing cracked components, except where repairs 
were feasible or – exceptionally – when some cracking was allowed if the components were 
regularly inspected. The repair and inspection possibilities are more interesting than simple 
replacements. These possibilities are discussed in more detail in subsection 4.2.4. 
 
4.2.3 Characteristics of aluminium alloy SCC 
Aluminium alloy SCC can initiate from nominally undamaged smooth or notched surfaces (e.g. 
fillet radii and holes) as well as surfaces damaged by corrosion and abrasion. The crack path in 
commercial alloys is entirely intergranular. This is of major importance to the SCC behaviour of 
aircraft components made from high strength aluminium alloys. The rolling, forging and 
extrusion processes required to fabricate half-products and finished components cause the 
material grains to elongate in the direction of working, resulting in a "pancake" microstructure. 
The elongated grain boundaries are usually retained during subsequent heat-treatments and 
provide easy fracture paths, especially for SCC. The direction normal to the pancake 
microstructure is called the short transverse (ST) direction, and SCC is favoured when there are 
sustained tensile stresses in this direction. It turns out that this is often the case for residual 
stresses introduced during heat-treatment, see subsection 4.2.2 and Table 5. 
 
Macroscopic characteristics: Figure 1 shows two die-forged flap track hinges, one intact and the 
other failed by SCC along the forging flash line (F). Figure 2 is a detail of the failure, showing 
the SCC origin and progression markings. These markings indicate that SCC progressed under 
varying environmental conditions and with well-defined and contoured crack fronts. This is not 
always the case: Figure 3 shows a highly irregular SCC shape in an engine mount bracket. The 
reason for these differences is probably the crack driving force (CDF). A lower CDF makes it 
more difficult for a crack to grow, and the crack "seeks out" paths of minimum resistance, 
resulting in an irregular crack front. Similar but less pronounced behaviour has been observed 
for fatigue cracks approaching the fatigue crack growth threshold [20]. In other words, a highly 
irregular SCC shape is a possible indication that the crack was growing very slowly or had 
arrested at local points along the crack front. 
 
Microscopic characteristics: Figures 4 and 5 show the "woody" texture and uplifted grains on 
SCC fracture surfaces from a landing gear linkage arm made from die-forged 7075-T6. The 
uplifted grains are a diagnostic feature of SCC, also for other materials [21], and are the result 
of ligament deformation and tearing during the final joining of multiple stress corrosion cracks 
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on slightly different levels. This final joining can be the result of in-service final failure of a 
component or be caused by breaking open a crack for laboratory investigation. 
 
Figure 6 shows a typical SCC fracture surface in more detail. Owing to the pancake 
microstructure, the intergranular characteristics are not obvious. However, sometimes there are 
recrystallised areas, or a component has undergone bulk recrystallization. The intergranular 
nature of SCC is then evident, e.g. Figure 7.  
 
4.2.4 Repair and inspection possibilities 
As noted in Table 5, four case histories involved repairs to components damaged by SCC. Three 
of these cases concerned main landing gear (MLG) legs, which were large forgings. The fourth 
was a main landing gear linkage arm, also a forging. Table 6 summarises the main aspects of 
these case histories. The remedial measures all included repair machining, but otherwise there 
were differences. The reason lies in the details of the case histories, which are reviewed briefly 
in the following paragraphs. 
 
Table 6   Main aspects of the aluminium alloy SCC case histories involving repair possibilities 
Aircraft type Material and component Problems Remedial measures 
Transport DTD 5024 MLG legs (AA7075/9-T6 equivalent) 
 SCC beyond repair 
zone 
 Further repair machining 
 Shot-peening 
 Improved paint scheme 
 Duplex ageing (T7XX temper) 
Maritime patrol AU4SG-T6 MLG legs (AA2014-T6 equivalent) 
 Corrosion pits and 
SCC 
 Repair machining 
 Regular 4-monthly inspections 
Combat AA7079-T6 MLG legs  Small (≤ 4 mm) cracks  
 Repair machining and/or regular 
inspections 
 Improved corrosion protection 
Maritime patrol AA7075-T6 MLG linkage arm 
 Incomplete repair 
machining  
 Replacement 
 Inspect/replace similar parts  
 Improved corrosion protection 
 
Transport MLG legs: SCC was found in a number of the legs in the 1960s. The manufacturer 
issued a service bulletin for repair machining. Figure 8 illustrates the MLG leg geometry and 
the repairs, which were pear-shaped holes in the front and rear walls. The operator subsequently 
found cracks above and below the pear-shaped holes, and the manufacturer again authorised 
repair machining. However, since this could not go on indefinitely, additional measures were 
considered. These included shot-peening and an improved paint scheme for existing 
components, and changing the heat-treatment temper for new ones. The changed heat-treatment, 
from T6 to T7XX, was introduced in the mid-1960s. 
 
Maritime patrol MLG legs: Several areas of corrosion, sometimes associated with SCC, were 
found in the late 1960s. The manufacturer issued a service bulletin for repair machining. Figure 
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9 shows the leg geometry and the repair areas, which included the outside and inside surfaces of 
the legs and the inside surfaces of the two bushed lugs at the top of each leg. The "clean-up" 
limits for the repair machining were based on retaining sufficient static strength in the legs. The 
damage appeared to occur slowly, and so the repair machining was considered adequate in 
combination with regular inspections. (Chemical conversion coatings were applied after repair 
machining, and the external surfaces were also re-painted.) 
 
Combat aircraft MLG legs: Small cracks were detected in two legs during routine deep 
inspections in 1985. The legs were removed from service for destructive investigation. They 
contained small stress corrosion cracks in the locations shown in Figure 10. Since the legs had 
seen more than a decade of service, and since the alloy was the notoriously susceptible 7079-T6, 
it was concluded that the cracks must have arrested owing to complete relaxation of residual 
stresses: otherwise the legs would have failed. Repair machining and improved corrosion 
protection were proposed for any other legs with small crack indications. No more cracks were 
found, and the problem soon disappeared because new legs made from 7075-T73 forgings were 
introduced in 1986 as part of a major refurbishment. 
 
Maritime patrol MLG linkage arm: Figure 11 shows the linkage arm. Four cracks and corrosion 
pits were detected in the main bore. Two cracks were opened up and found to be SCC, with one 
crack completely through the bore thickness, see Figure 5. Scratches and abrasion marks were 
present along the bore, especially at the crack locations. Examples are given in Figure 12. The 
scratches, abrasion marks and corrosion pits were all chemical-conversion coated. This 
indicated that the bore had been reworked (unsuccessfully) to remove the corrosion pits and 
cracks, followed by re-applying the corrosion protection scheme and returning the linkage arm 
to service. In view of these results it was recommended to inspect all other linkage arms and 
replace any cracked ones. It was also suggested to regularly apply water-displacing compounds 
(WDCs) to the main bores of undamaged linkage arms to provide improved corrosion 
protection. 
 
4.3 Stainless steels 
 
4.3.1 Background 
Stainless steels are much used in aircraft engine and fluid systems. Typical applications include 
fuel and hydraulic tubing, pins, bolts, nuts, clamps, pumps, pistons, bleed air ducts and valves. 
The alloys include the austenitic grades (e.g. 304, 316, 321, 347, 21-6-9 and Nitronic 60), the 
martensitic grades (e.g. 410, 431, 440C), and the precipitation-hardenable grades (e.g. PH 13-8 
Mo, 17-4 PH, AM350). 
  
NLR-TP-2010-538 
  
 22 
All austenitic stainless steels are susceptible to SCC to some degree [22]. The susceptibility 
depends on several factors, including the environment, temperature, sensitivity to pitting and 
crevice corrosion, and metallurgical condition (annealed, cold-worked, welded). SCC initiation 
can be facilitated by poor design, e.g. sharp corners and crevices, and residual stresses from 
manufacturing.  
 
A particularly important problem is "sensitization" or "weld decay". Many austenitic stainless 
steels are susceptible to sensitization, which occurs when the steels are exposed to certain 
temperature ranges, e.g. during welding. Chromium carbides precipitate at the grain boundaries 
and deplete the adjacent matrix of the chromium content needed to maintain corrosion 
resistance. The steels become susceptible to intergranular corrosion, which in combination with 
tensile stresses can be considered a type of SCC. 
 
Sensitization of the austenitic grades can be avoided by using Ti-containing or (Nb+Ta)-
containing stabilised steels like 321 and 347, or low C grades like 304L and 316L, which can 
take short-term high temperatures during welding [22, 23]. Any sensitization that does occur 
can normally be reversed by post-weld annealing. However, if this is not done correctly, then 
SCC failures can still be expected. 
 
It is also important to note that sensitization can occur in martensitic and precipitation-
hardening stainless steels. Examples are mentioned in subsections 4.3.2 and 4.3.3. 
 
4.3.2 Survey of the stainless steel case histories 
Table 7 surveys the stainless steel SCC case histories selected from the NLR and DSTO 
archives. All are from military aircraft operated by the RAAF and RNLAF. Most of the cases 
concerned hydraulic and fuel systems tubing made from 300 series and 21-6-9 austenitic steels. 
 
Many of the SCC problems were due to sensitization, and one case may have caused the loss of 
an aircraft owing to a major fuel leak: the wreckage was too damaged to be certain. Another 
case definitely led to loss of an aircraft [21]. This case is reviewed in subsection 4.3.4, since it 
also resulted in world-wide replacement of similar components, using an alloy immune to SCC. 
Clearly, stainless steel SCC in aircraft can be a major problem, not just an inconvenience. 
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Table 7   Classification of selected stainless steel SCC case histories (NLR and DSTO) 
Main parameters Number of cases Remarks 
Aircraft 
types 
Combat 
Transport 
Maritime patrol 
Light trainer 
Helicopter 
  3 
  1 
  4 
  1 
  2 
2 modern aircraft  
 
 
 
2 modern aircraft 
Structural 
areas 
Hydraulic system 
Fuel system 
Engine 
Fire extinguisher system 
  5 
  2 
  3 
  1 
Most of the cases concerned tubing 
Alloy 
types 
AISI 300 series (austenitic) 
AISI 400 series (martensitic) 
21-6-9 (austenitic) 
Nitronic 60 (austenitic) 
AM350 (precipitation-hardening) 
  5 
  2 
  2 
  1 
  1 
2 cases of sensitization close to welds 
Sensitized close to welds 
Crevice corrosion + SCC 
Susceptibility discovered after aircraft 
loss 
Sensitized close to welds 
SCC 
causes 
Sensitization 
Residual stresses/cold-work 
Assembly stresses 
Crevices 
  5 
  2 
  1 
  3 
Possible cause of 1 aircraft loss 
1 aircraft loss 
Remedial 
measures 
World-wide replacements with new alloy  
Individual replacements 
Recommended NDI of similar 
components 
Recommended better alloy  
Recommended corrosion protection 
  1 
  9 
 
  9? 
  2 
  3 
 
(2 aircraft losses) 
 
Number of recommendations uncertain 
 
Water-displacing compounds (WDCs) 
 
4.3.3 Characteristics of stainless steel SCC 
Stainless steel SCC can initiate from nominally undamaged smooth and notched surfaces, 
although some localised pitting or crevice corrosion always precedes SCC. Besides 
intergranular cracking owing to sensitization, the SCC can be intergranular in some 
environments and transgranular in others, notably acidic chloride-containing aqueous solutions 
[24]. SCC in chloride-containing environments occurs at slightly elevated temperatures, 
typically higher than 50-60ºC [23].  
 
Macroscopic characteristics: Figures 13 and 14 show typical locations for stainless steel SCC 
problems. Usually all that is visible is an external crack, e.g. Figure 15, but crevice corrosion is 
sometimes evident. Figure 16 shows an exceptional example of crevice-induced corrosion 
pitting and SCC in a type 304 wire braid from a hose in an MLG hydraulic system. N.B: loss of 
system function in service could have had serious consequences. 
 
Figure 17 shows two low-magnification fractographs of intergranular SCC. The brown 
discoloration due to fracture surface corrosion is typical, and crack front progression markings 
are sometimes seen. (Greenish-brown fracture surface corrosion and progression markings have 
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been observed for mainly transgranular SCC in a 17-4 PH backstay connector from a yacht 
[25].) 
 
Microscopic characteristics: Figure 18 shows a typical intergranular SCC fracture surface from 
a type 431 (martensitic) bolt in a fuel tank coupling. Figure 19 is a detail from an 
electrolytically-etched metallographic cross-section of the bolt.  The grain boundaries are deeply 
etched in comparison to the matrix, and this deep-etching effect is diagnostic for sensitization of 
stainless steels. 
 
Figure 20 shows transgranular SCC in a Nitronic 60 (austenitic) pin from a rear compressor 
variable vane (RCVV) lever arm assembly in an aircraft gas turbine. The pin failure led to loss 
of the aircraft, reviewed next. 
 
4.3.4 Case history: loss of an F-16  
In February 1992 a General Dynamics F-16 crashed between housing blocks in the Dutch city 
of Hengelo. The crash resulted from engine failure that began with crevice corrosion and SCC 
fracture of a Nitronic 60 pin in a rear compressor variable vane (RCVV) lever arm assembly 
[21]. Figure 21 shows the location of the RCVVs in the engine; Figure 22 is a schematic of the 
RCVV and lever arm assembly and the pin fracture location; and Figure 23 shows the sequence 
of events leading to engine failure. 
 
At the time of the accident the SCC susceptibility of Nitronic 60 was unknown. Subsequently, 
many more pins were found to contain cracks, all of which were due to a combination of 
residual stresses from pin manufacture and salt solutions in crevices between the lever arms and 
pins. The engine manufacturer took the remedial measures of (a) changing the pin material to 
the nickel-base superalloy Inconel 625, which is immune to SCC in salt solutions [21], and (b) 
gradual world-wide replacement of all (Inconel 718 + Nitronic 60) lever arm assemblies by 
(Inconel 718 + Inconel 625) assemblies. 
 
4.4 High-strength low alloy steels 
 
4.4.1 Background 
High-strength low alloy steels have a tempered martensite microstructure. The degree of 
tempering determines the strength range. These steels are used mainly in mechanical systems in 
aircraft, notably for landing gear and gear box components and high-strength bolts and fittings. 
The alloys include the AISI grades 4330, 4330M and 4340, and 300M, D6ac and H11. All are 
susceptible to SCC, and also hydrogen embrittlement [26], at yield strengths above 1200 MPa; 
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and they are extremely susceptible at yield strengths above 1400 MPa. This is why the 
guidelines in Table 3 advise restricting the UTS to less than 1400 MPa. However, exceptions 
are made for landing gear, among other items, as is also noted in Table 3. 
 
It is important also to note that SCC in high-strength steels involves hydrogen embrittlement 
due to hydrogen generated at the crack tips, and that this can occur in moist air as well as 
aqueous environments. The SCC fracture characteristics are also similar - if not identical - to 
those of internal hydrogen embrittlement (IHE), which is due to the presence of solute hydrogen 
in the steel.  
 
4.4.2 Survey of the high-strength low alloy steel case histories 
Table 8 surveys the high-strength low alloy steel SCC case histories selected from the NLR and 
DSTO archives. Five are from military aircraft operated by the RNLAF and RAAF. The sixth 
was from a commercial transport. Most of the cases concerned landing gear components, and 
most were due to damage and deterioration (wear) of the corrosion protection systems. One of 
these cases is reviewed in subsection 4.4.3. 
 
There was one unusual case, where SCC started from an in-service fatigue crack. SCC could 
occur because the aircraft remained on the ground, statically loaded, for about 1 year during 
major refurbishment. Also, the cracking was in a very large steel component and could be 
removed with careful blending or contouring to enable the component to re-enter service. 
 
Table 8   Classification of selected high-strength low alloy steel SCC case histories (NLR and 
DSTO) 
Main parameters Number of cases 
Aircraft 
types 
Combat 
Transport (civil) 
Helicopter  
4 
1 
1 
Structural 
areas 
Landing gear 
Wing  
4 
2 
Alloy 
types 
4340, 4340M 
300M 
D6ac 
H11 
3 
1 
1 
1 
SCC 
causes 
Removed, damaged and/or worn corrosion protection systems (paint, plating) 
Shot-peening omitted during manufacture 
Fatigue cracking 
4 
1 
1 
Remedial 
measures 
Individual replacements (1 unnecessary: removal of cracked area sufficient) 
NDI of similar components (uncertain)  
Recommended refurbishment of corroded but uncracked components 
5 
        5? 
1 
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4.4.3 Characteristics of high-strength low alloy steel SCC: a case history 
SCC can occur when the corrosion protection systems, paint and/or plating, become damaged or 
worn or are deliberately removed. If an aqueous environment is present, then SCC can be 
initiated and accompanied by corrosion pitting. The cracking usually occurs along the prior 
austenite grain boundaries, resulting in evident intergranular fracture. However, this is also the 
fracture mode of IHE. The similar fracture characteristics of SCC and IHE can sometimes make 
it difficult to determine the failure mechanism, especially in the absence of significant corrosion 
and black or tinted oxide films on the fracture surfaces [26]. Be that as it may, the macroscopic 
and microscopic SCC characteristics are well illustrated by the following case history. 
 
Helicopter MLG drag beam: In February 2007 a helicopter MLG drag beam failed during a 
routine landing. Figure 24 shows the type of helicopter and the drag beam location. The drag 
beam was ultrahigh-strength 300M steel, and investigation showed that it failed from the tie-
down bolt hole, see Figure 25, owing to corrosion pitting followed by SCC. 
 
Figures 26-28 give macroscopic views of the cracking, pointing out the overall fracture 
characteristics. Despite having been cadmium plated, the tie-down bolt hole was severely 
corroded and there was rust on much of the SCC fracture surfaces. This suggested that the local 
environmental conditions were severe and that the drag beam could have been cracked for a 
long time. Figures 29 and 30 are SEM fractographic details of one of the cracks. These show 
that SCC started from a corrosion pit and that the non-rusted SCC fracture was classically 
intergranular. 
 
Additional investigation showed that the cadmium plating in the bore of the tie-down hole had 
disappeared and that it was also degrading on the outside of the hole. Besides replacement of the 
failed drag beam it was recommended to (a) inspect all other drag beams in the fleet at regular 
intervals, (b) replace any cracked ones, and (c) check the feasibility of refurbishing uncracked 
but corroded drag beams. 
 
4.5 Magnesium alloys 
 
4.5.1 Background 
As stated in subsection 2.3.1, the use of magnesium alloys in aerospace vehicles is generally 
discouraged owing to concerns about corrosion. Protective coating systems are available, and 
the basic corrosion resistance has been improved by alloy modifications and additions, but the 
most serious risk is galvanic corrosion in high-conductivity environments, e.g. aqueous salt 
solutions [27]. 
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Be that as it may, magnesium alloys have a long history of employment in aircraft components, 
including wheels, flying controls and gearboxes. The use of magnesium alloy gearboxes is more 
or less standard for helicopters, since (a) the alloys combine lightness, strength, moderate 
elevated temperature capability (up to about 175°C) and good castability, and (b) the local 
environment (oils and greases) is innocuous. 
 
4.5.2 Magnesium alloy case histories 
A search of the NLR and DSTO archives found only 2 magnesium alloy failures owing to SCC. 
These were a nose-gear wheel and a gear box in an engine system from two combat aircraft. The 
components were sand castings made from the MgAlZn alloys AZ91C and AZ92A respectively. 
For the wheel the sustained stresses enabling SCC were attributed to the tyre pressure, and for 
the gear box to a misaligned attachment bolt. The remedial actions were straightforward 
replacements.  
 
4.5.3 Characteristics of magnesium alloy SCC 
Magnesium alloy SCC can be initiated by corrosion pitting, as was the case for the nose gear 
wheel. The cracking can be both intergranular and transgranular [28, 29], but transgranular SCC 
is stated to be the intrinsic type [29]. Transgranular SCC has a complicated cleavage-like and 
stepped fracture topography that distinguishes it from magnesium alloy fatigue fracture, which 
is flatter and often shows fatigue striations and well-defined crack front progression markings 
[30]. Another distinguishing feature is that SCC crack fronts can be irregular and jagged, e.g. 
Figure 31, unlike the fatigue crack fronts [30, 31].  
 
 
5 Preventative and remedial measures 
Preventative and remedial measures to avoid SCC in aerospace vehicle alloys have been 
discussed throughout the previous sections of this chapter. In this section we shall endeavour to 
place these measures in the most relevant context by discussing and commenting upon the 
prevention guidelines in Table 3, and reviewing the remedial actions from the case histories in 
section 4. 
 
5.1 Preventative measures 
As mentioned in subsection 3.3, actual service cases of SCC in aerospace vehicles appear to be 
confined to aircraft materials in aqueous environments. This is because the Space Agencies 
NASA and ESA have instituted stringent material selection criteria. These criteria are based 
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partly on some disastrous early experiences [17] and also on the virtual impossibility of in-
service repairs, replacements or inspections. 
 
Furthermore, the majority of aircraft SCC problems concern aluminium alloys, high-strength 
low alloy steels and stainless steels. In the case of aluminium alloys it is primarily the older 
aircraft, and the older generation aircraft, using 7000 series alloys in peak aged T6XX tempers, 
that have these problems. A widely-used older generation aircraft that still has SCC problems in 
relatively new models is the Lockheed Martin C-130 Hercules, which retains much of the 
primary structural design and materials from the early 1950s. These problems are returned to in 
the discussion on repairs in subsection 5.2. 
 
Owing to the above considerations, the first part of Table 3 is of most relevance to the present 
discussion. This is presented as Table 9 in a modified form, specifically for aircraft and with 
additions (italicised) that take account of the case histories in section 4.  
 
Table 9   Guidelines for prevention of corrosion and SCC in aircraft 
Specific guidelines Types of 
structures General guidelines Materials Coatings 
Al alloys for primary structures and landing gear: 
- AA2000 series in T8XX tempers (if feasible) 
- AA7000 series in T7XX tempers 
- Reduce residual and assembly stresses 
Cladding, metallic 
coatings (IVD), 
anodising or 
chemical conversion 
+ paint systems 
Low alloy steels: 
- UTS < 1400 MPa (higher strengths for landing gear) 
- wear-resistant coatings (whenever feasible) 
Cd, Cr or Ni plating 
+ paint systems 
Primary 
structures and 
mechanical 
systems 
 
 Restrict strength 
levels 
 
 
 Protective coatings 
where necessary for 
corrosion and SCC 
protection of Al 
alloys and low alloy 
steels  
Stainless steels:  
- PH grades ≥ H1000  temper 
- Avoid sensitization and residual stresses  
- Avoid crevices if possible: use WDCs otherwise 
- Use alloys more resistant to SCC 
– 
 
For stainless steels there is some additional information to consider with respect to alloy 
selection. Higher-chromium and especially higher-molybdenum austenitic stainless steels are 
more resistant to crevice corrosion [22], and a more recent possibility is the use of duplex 
(austenite + ferrite) stainless steels. Duplex stainless steels can substitute for austenitic stainless 
steels at any strength level and with high resistance to SCC [32]. The duplex steels also have a 
higher surface hardness, which makes them more resistant to abrasion and wear. 
 
5.2 Remedial measures 
There are two basic remedial actions, replacement and repair. Table 10 gives remedial measure 
guidelines for both of these actions. There are some similarities in these remedial measures, and 
also some similarities with the preventative measures listed in Table 9. For example, two 
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generally applicable measures are the use of alloys and/or heat-treatments more resistant to SCC 
and the provision of improved corrosion protection. 
 
Repair options are generally limited, and none have been indicated for stainless steel 
components, which are generally easily replaced. In fact, all components that are simple and 
easily removed will most likely be scrapped. This avoids the costly auditing, certification and 
changed inspection schedules associated with repairs. More complex and difficult to remove 
components will also most likely be scrapped unless repairs can be done in situ or replacements 
are unavailable.  
 
Table 10   Guidelines for remedial measures against corrosion and SCC in aircraft 
Corroded and/or 
cracked components Alloy classes Guidelines for remedial measures 
All 
 Straightforward replacement 
 Improved corrosion protection, e.g. use WDCs 
 Inspect similar components, replace as necessary 
 Regular inspections of replaced and retained components Replace  
Aluminium alloys 
Stainless steels 
 Replace with alloys and/or heat-treatments more resistant to corrosion 
and SCC 
Aluminium alloys 
 Repair machining of corroded and/or cracked components 
 Shot peening 
 Improved corrosion protection, e.g. paint systems and WDCs 
 Re-ageing to SCC-resistant tempers* 
 Composite patches** 
 Inspect similar components, repair (or replace) as necessary 
 Regular inspections of repaired (and replaced) components 
Repair 
High-strength low 
alloy steels 
 Refurbishment of corroded but uncracked components 
 Improved corrosion protection, e.g. use WDCs 
 Inspect similar components, repair (or replace) as necessary 
 Regular inspections of repaired (and replaced) components 
*Proposed and **actual repairs for Lockheed Martin C-130H 7075-T6 extrusions 
 
The need for repairs is particularly relevant to older aircraft that continue in service well beyond 
their original target service lives. Table 10 shows that there are several guidelines and options 
for aluminium alloys, some of which were discussed with respect to the MLG case histories in 
subsection 4.2.4. The remaining two guidelines are the use of composite patches and reheat-
treatment. The reheat-treatment is a special one called retrogression and re-ageing (RRA). This 
was invented in the early 1970s for increasing the SCC resistance of thin sheets of 7000 series 
alloys in the T6 temper [33]. Subsequently, the National Research Council (NRC) in Canada 
modified the RRA treatment to make it suitable for thicker sections [34] and in situ application 
on airframes [35]. There is also the potential to treat replacement components prior to insertion 
on an aircraft so as to forestall the problem reoccurring in the future. The DSTO are currently 
(2010) using data supplied by the NRC, and data it has collected itself, to certify the use of RRA 
7075-T6 extrusions on RAAF C-130J aircraft. 
  
NLR-TP-2010-538 
  
 30 
6 Summary 
Stress corrosion cracking (SCC) is particularly important for aerospace vehicles since it occurs, 
or can occur, in all classes of alloys used in their construction. The consequences of SCC 
failures can be and have been serious, including the destruction of spacecraft and rocket 
components during the early days of pre-mission testing in the 1960s, and even the loss of an 
aircraft, though this is rare. The Space Agencies NASA and ESA have mandatory procedures to 
prevent SCC, and the chances of it occurring in modern space vehicles and platforms are 
remote. 
 
Actual service cases of SCC appear to be confined to aircraft materials in aqueous 
environments. Selected case histories from a wide variety of aircraft indicate that the majority of 
SCC problems concern aluminium alloys and stainless steels, followed by high-strength low 
alloy steels. This may be because low alloy steels must be protected against corrosion and SCC 
by well-established plating and painting combinations, while stainless steels are often thought to 
be immune to corrosion and SCC.  
 
With respect to aluminium alloys, it is primarily older aircraft and new aircraft of older designs, 
using 7000 series alloys in peak aged T6XX tempers, that have SCC problems. However, this 
restriction does not apply to stainless steels and high-strength low alloy steels, which are just as 
susceptible in modern aircraft. Considered as a material class, stainless steels are actually far 
from "stainless". Many are susceptible to crevice corrosion, leading to SCC; and they can also 
be sensitized to SCC if fabricated and welded without due regard to material composition and 
post-weld annealing. Finally, all high-strength low alloy steels are susceptible to corrosion and 
SCC, and rely completely on high-quality plating and painting systems. 
 
There are reasonably well-defined guidelines for preventing and alleviating SCC problems in 
aircraft aluminium alloys, stainless steels and high-strength low alloy steels. These guidelines 
include limited possibilities for repair of components made from aluminium alloys and high-
strength low alloy steels.  
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Fig. 1   Intact and SCC-failed flap track hinges made from die-forged 7079-T651 aluminium 
alloy 
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Fig. 2   Detail of the fracture surface of the failed flap track hinge, showing the SCC origin 
(arrowed) and progression markings: optical fractograph 
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Fig. 3   Broken-open fracture surface of an engine mount bracket made from 2024-T4 
aluminium alloy plate, showing a highly irregular SCC shape: optical fractograph 
 
 
Fig. 4   Typical "woody" texture of an SCC fracture surface: optical fractograph 
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Fig. 5   Uplifted grains on an SCC fracture surface: optical fractograph 
 
 
Fig. 6   Typical flat SCC fracture surface: SEM fractograph from a thick-section 2024-T3/T4 
aluminium alloy landing gear support strut 
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Fig. 7   Clearly intergranular SCC fracture surface: SEM fractograph from a die-forged 7075-T6 
aluminium alloy engine truss mount 
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Fig. 8   SCC repair machining in outer cylinders of transport MLG legs: DTD 5024 aluminium 
alloy forgings 
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Fig. 9   Corrosion and SCC repair areas (circled) in maritime patrol MLG legs: AU4SG-T6 
aluminium alloy forgings 
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Fig. 10   SCC in combat aircraft MLG legs: 7079-T6 aluminium alloy forgings 
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Fig. 11   MLG linkage arm, indicating the main bore where four cracks and corrosion pitting 
were found: 7079-T6 aluminium alloy forging 
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Fig. 12   Scratches and abrasion marks (white arrows) associated with cracks along the main 
bore of the MLG linkage arm 
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Fig. 13   Location of crevice corrosion and SCC in a 21-6-9 (austenitic stainless steel) hydraulic 
pressure tube 
 
 
Fig. 14   Location of SCC in a type 431 (martensitic stainless steel) nut from a fire extinguisher 
system 
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Fig. 15   Close-up view of a stress corrosion crack (arrowed) in a type 431 (martensitic stainless 
steel) nut from a fire extinguisher system 
 
 
Fig. 16   Crevice-induced corrosion pitting and SCC in a type 304 (austenitic stainless steel) 
wire braid from a hose in an MLG hydraulic system 
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Fig. 17   Intergranular SCC fracture surfaces of (a) a type 431 (martensitic stainless steel) nut 
from a fire extinguisher system and (b) a type 431 (martensitic) bolt in a fuel tank 
coupling: optical fractographs 
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Fig. 18   Intergranular SCC fracture surface: SEM fractograph for a type 431 (martensitic 
stainless steel) bolt in a fuel tank coupling 
 
 
Fig. 19   Deep-etched grain boundaries in a sensitized type 431 (martensitic stainless steel) 
bolt: optical metallograph 
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Fig. 20   Transgranular SCC in a Nitronic 60 (austenitic stainless steel) pin from an RCVV lever 
arm assembly in an aircraft gas turbine 
 
 
Fig. 21   F100-PW-220 cutaway with the location (arrowed) of the rear compressor variable 
vanes (RCVVs) 
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Fig. 22   Schematic of RCVV and lever arm assembly and the pin fracture location 
 
 
 
 
Fig. 23   Sequence of events leading to the F100-PW-220 engine failure 
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Fig. 24   The helicopter type, showing the location of the left-side MLG drag beam 
 
 
Fig. 25   Cracking (white arrows) at the tie-down bolt hole of the drag beam: 300M steel 
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Fig. 26   Macroscopic view of two cracks growing from the tie-down bolt hole: optical fractograph 
 
 
Fig. 27   Close-up view of crack 1: optical fractograph 
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Fig. 28   Close-up view of crack 2: optical fractograph 
 
 
Fig. 29   Origin of crack 2: SEM fractograph 
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Fig. 30   Non-rusted intergranular SCC fracture surface of crack 2: SEM fractograph 
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Fig. 31   Irregular and jagged magnesium SCC crack front [30] 
